Well-ordered crystals of a genomic hepatitis delta virus (HDV) ribozyme, a large, globular RNA, were obtained employing a new crystallization method. A high-af®nity binding site for the spliceosomal protein U1A was engineered into a segment of the catalytic RNA that is dispensable for catalysis. Because molecular surfaces of proteins are more chemically varied than those of RNA, the presence of the protein moiety was expected to facilitate crystallization and improve crystal order. The HDV ribozyme-U1A complex crystallized readily, and its structure was solved using standard techniques for heavy-atom derivatization of protein crystals. Over 1200 A Ê 2 of the solvent-accessible surface area of the complex are involved in crystal contacts. As protein-protein interactions comprise 85 % of this buried area, these crystals appear to be held together predominantly by the protein component of the complex. Our crystallization method should be useful for the structure determination of other biochemically important RNAs for which protein partners do not exist or are experimentally intractable. The re®ned model of the complex (R-free 27.9 % for all re¯ections between 20.0 and 2.3 A Ê ) reveals an RNA with a deep active site cleft. Well-ordered metal ions are not observed crystallographically in this cavity. Biochemical results of previous workers had suggested an important role in catalysis for cytosine 75. The pyrimidine base of this residue is buried at the bottom of the active site in an environment that could raise its pK a value. We propose that this highly conserved cytosine may be the general base that catalyzes the transesteri®cation.
Introduction
Despite considerable advances in techniques for RNA synthesis and characterization, the preparation of crystals of large RNAs that are suitable for crystallographic analysis remains challenging (reviewed by Holbrook & Kim, 1997) . Well-ordered crystals may be dif®cult to obtain because the molecular surfaces of tightly-folded or``globular'' RNAs are dominated by a regular array of negatively charged phosphate groups. During crystallization, this might result in neighboring molecules packing subtly out of register, resulting in poor long-range order. If this were the case, altering the molecular surface of globular RNAs by introducing distinctive functional groups could facilitate formation of better-ordered crystals. Indeed, Golden et al. (1997) showed that some changes in the sequence of a solvent-exposed loop of a group I intron fragment resulted in improved crystals. We found that introduction of a GAAA tetraloop and its 11 nucleotide (nt) receptor sequence into target molecules produced RNAs that crystallized more readily, presumably by facilitating intermolecular docking (Ferre Â-D'Amare Â et al., 1998b) .
We have now expanded the systematic modi®-cation of RNA molecular surfaces to include proteins, greatly facilitating crystallization of RNAs as part of the resulting complexes. Since proteins have a larger variety of surface functional groups than folded RNAs, we modi®ed our target molecule, the genomic strand hepatitis delta virus (HDV) ribozyme, to contain a high-af®nity cognate site for a sequence-speci®c RNA-binding protein.
The engineered RNA was complexed with a strongly basic protein, and the complex subjected to crystallization trials. Well-ordered crystals were readily obtained, and the structure was solved by preparing co-crystals of the RNA with a selenomethionyl protein. We propose that this strategy, the use of an RNA binding protein and its cognate site as a crystallization module, can be employed for other large RNAs.
The HDV ribozyme is a $85 nt long self-cleaving RNA whose activity is indispensable for the viability of the human pathogen, a satellite virus of hepatitis B virus (reviewed by Lai, 1995) . The products of the self-cleavage reaction are a``ribozyme'' moiety with a 5
H -hydroxyl group, and à`l eader'' RNA segment with a 2 H ,3 H -cyclic phosphate terminus (Figure 1(a) ). These products are identical to those of the hammerhead, hairpin and VS ribozymes (McKay & Wedekind, 1999) , and RNase A during its ®rst half-reaction (Richards & Wyckoff, 1971) . The reaction mechanism for the HDV ribozyme is thought to consist of an in-line nucleophilic attack on the phosphorus of the scissile phosphate by the 2 H -hydroxyl on the adjacent ribose, which via a pentacovalent phosphorus intermediate, leads to breakage of the phosphoester bond to the 5 H -hydroxyl group of the ribozyme moiety (Been & Wickham, 1997) . The rate of this reaction could be enhanced in several ways, including optimal alignment of the nucleophile and the leaving group, deprotonation of the attacking 2 H -hydroxyl by a base, partial neutralization of the phosphate to make the phosphorus a better electrophile, stabilization of the pentacovalent intermediate by a positively charged group, and ef®cient reprotonation of the leaving group by an acid (Figure 1(a) ). Our structure suggests that the HDV ribozyme employs several of these means to achieve catalysis.
Our design of HDV ribozyme constructs for crystallization was guided by previous biochemical work (reviewed by Been & Wickham, 1997 ) that had demonstrated that one of the constituent stemloops of the ribozyme, P4-L4 (see Figure 1 for nomenclature), could be freely altered or truncated without adversely affecting the in vitro activity of the RNA. We replaced P4-L4 with a stem-loop from the small nuclear RNA U1 that is a high af®-nity binding site for the human protein U1A. The RNA binding properties of U1A have been well characterized, and the three-dimensional structure of the U1A protein RNA-binding domain (RBD) in complex with a 21 nt RNA stem-loop has previously been determined at 1.9 A Ê resolution (Oubridge et al., 1994) . A 72 nt chimeric RNA in complex with the U1A-RBD ultimately yielded cocrystals that diffracted synchrotron X-radiation beyond 2.2 A Ê resolution. Selenomethionyl U1A-RBD was used to solve the structure by multiwavelength anomalous dispersion (MAD). Some features of the structure have been presented elsewhere (Ferre Â-D'Amare Â et al., 1998a) . Here we discuss crystallization strategy and crystallographic methodology, aspects of crystal packing, and some structural features that bear on the mode of action of this catalytic RNA.
Results and Discussion

Crystallization strategy
Our crystallization strategy involved generating a series of RNA-protein complexes that differed from each other systematically, and subjecting them to a conventional sparse-matrix crystallization screen of modest size. In our experience, screening numerous crystallization candidates is more expeditious in producing useful crystals than exhaustively screening crystallization conditions for one or a few candidate macromolecules.
The RNA-binding domain of U1A has a number of characteristics that make it well-suited for use as a crystallization reagent. First, its structure both free and in complex with its cognate site is known, and demonstrates that residues 1-98 comprise a compact, globular domain (Nagai et al., 1990; Oubridge et al., 1994) . Compactness is a common characteristic of macromolecules that crystallize well (Ferre Â-D'Amare Â & Burley, 1997; Cohen, 1996) . Second, the U1A-RBD binds very tightly to its cognate site (K d $10 À11 M; van Gelder et al., 1993) . Third, the available structures show that the protein-RNA interface comprises both polar (e.g. salt bridges between phosphate groups and basic amino acid residues) and non-polar interactions (e.g. stacking of aromatic amino acid residues between RNA bases). Therefore, the protein-RNA interaction is expected to be strong both in low and high ionic strength solutions, and the complex is unlikely to dissociate under various crystallization conditions. Fourth, U1A-RBD can bind to its cognate site in two different presentations. In addition to its helix-terminal binding site from the U1 RNA (Figure 1(a) ), the protein binds to two adjacent helix-internal bulges in the polyadenylation regulatory element of the 3 H UTR of its mRNA (Allain et al., 1996) . These two modes can be exploited to generate RNAs engineered to contain exogenous U1A binding sites in a variety of molecular contexts. Fifth, Nagai and co-workers have prepared a number of U1A-RBD constructs with mutations in solvent-exposed residues. The mutations affect the solution and crystallization properties of the proteins (Oubridge et al., 1995) , providing an additional source of variation that can be exploited in the combinatorial search for good crystals.
We have shown that the genomic HDV ribozyme, which in its native form is dif®cult to crystallize, can be engineered to crystallize readily by introducing a crystallization module into its P4 stem. In our previous work, we employed a GAAA tetraloop and its 11 nt receptor sequence placed so as to stack coaxially and be available for intermolecular but not intramolecular association. While the engineered RNAs produced large crystals, these did not diffract X-rays beyond 7 A Ê resolution (Ferre Â-D'Amare Â et al., 1998b) . Because our approach was partially successful, we decided to introduce the cognate site for U1A into the same stem-loop. In order to minimize any distortion of the structure of the HDV active site by introduction of the crystallization module, we placed the U1A binding site as a loop capping the distal end of P4, as far away as possible from the core of the ribozyme.
A series of RNAs were prepared in which the HDV ribozyme and helix-terminal U1A-binding moieties were separated by a variable number of spacer base-pairs (Figure 1(b) ). These paired nucleotides were expected to form segments of A-form double helix that would coaxially stack and rigidly connect the two RNA moieties. The various constructs differed in the separation and helical twist between the two domains. This is analogous to the length-variation strategy routinely employed for DNA-protein co-crystallization (Aggarwal, 1990; Schultz et al., 1990) .
We employed self-cleaved ribozymes for crystallization, because HDV ribozymes are known to be prone to misfold (Been & Wickham, 1997; Perrotta & Been, 1998) . Use of self-cleavage products ensured that only molecules that had successfully traversed the transition state, and thus folded correctly, were employed for crystallization (see Methods). Previous biochemical work suggested that the precursor and the product have very similar structures (Been & Wickham, 1997; Duhamel et al., 1996) . Nucleotides 5 H of the cleavage site are unlikely to participate in forming the architecture of the active site, since the HDV ribozyme has no sequence requirements in the 5 H leader sequence, will cleave ef®ciently after a single nucleotide, and the identity of this À1 position nucleotide has only modest effects on cleavage rates (Been & Wickham, 1997) . Binding of U1A-RBD to the constructs did not signi®cantly affect their self-cleavage activity The secondary structure of the genomic HDV ribozyme (top left) and the U1A binding site from stemloop II of U1 small nuclear RNA (bottom left) are shown in simpli®ed form, separated by a horizontal gap. This gap was bridged with 0 to 3 spacer base-pairs, in order to generate multiple crystallization candidates. Constructs were transcribed in vitro, preceded by a 41 nt leader sequence, from which the ribozymes self-cleaved, to generate the mature RNAs used for crystallization. (c) Sequence and secondary structure of the construct (no spacer base-pairs between the ribozyme and U1A-binding site moieties) whose crystal structure was determined. Nucleotides corresponding to the genomic HDV ribozyme are numbered with Arabic numerals starting with the guanine bearing the leaving group of the selfscission reaction; nucleotides of the U1A binding site are in lower-case Roman numerals. RNA segments are named P for base-paired region, J for joining region, and L for loop, numbered from the 5 H end of the molecule, as by Ferre Â-D' Amare Â et al. (1998a) ; the same color scheme is employed in all subsequent Figures, except for Figure 6 . The riboses of residues 22, 24, 27, 41, 74-76, 77, v, vii H to the ribozyme core were prepared in order to produce molecules with homogeneous 3 H termini. However, none of these successfully cleaved the RNA, possibly because of the extraordinary stability (Been & Wickham, 1997) of the HDV ribozyme moiety. Thus, the crystallization constructs were all products of HDV ribozyme self-cleavage with homogeneous 5
H -hydroxyl and heterogeneous 3 H termini (Figure 1(b) ). Crystallization trials were carried out with four RNA constructs complexed to either wild-type or a double mutant U1A-RBD that had been used successfully in prior structure determinations (Oubridge et al., 1994; Allain et al., 1996) . This set of eight complexes was subjected to the 48-condition sparse matrix by Jancarik & Kim (1991) supplemented with 1.25 mM MgCl 2 and 1 mM spermine in all conditions. Trials were set up in triplicate at 4 C, 20 C, and 30 C, since temperature appears to have strong effects on crystallization of nucleic acids (e.g. see Schindelin et al., 1995) .
For all eight complexes, chunky crystals were obtained under a variety of conditions in the initial screens. Those crystals that reached sizes greater than 50 mm in each dimension were extensively washed, dissolved, and analyzed by polyacrylamide gel electrophoresis to ascertain that they contained intact RNA. Crystallization experiments under otherwise identical conditions that lacked the protein yielded, at best, very thin needles, implying participation of the protein moiety in crystal formation. Crystallization conditions were then further optimized to obtain larger crystals suitable for diffraction experiments. The ®rst cocrystal form to reach $100 mm in the small dimension was that shown in Figure 2 (a) (crystal form I). These diffracted X-rays from a rotating anode only to $7 A Ê resolution. However, crystal form II (Figure 2(b) ) diffracted X-rays to 3.3 A Ê resolution. These tetragonal crystals, which contain the RNA shown in Figure 1(c) , were then cryoprotected, ash-cooled, and taken to a synchrotron radiation source, where diffraction was observed to 2.9 A Ê resolution.
In order to solve the structure, we then prepared the selenomethionyl version of the double-mutant U1A-RBD construct present in the crystals. Surprisingly, the complex with the selenomethionyl protein failed to crystallize at all under conditions similar to those employed for the complex with the normal protein. It has been observed previously that due to the reduced solubility of selenomethionine relative to methionine, the concentration of precipitant used in crystallization often must be decreased (Doublie Â, 1997) . Although this did not produce crystals in our case, further exploration of crystallization conditions eventually resulted in the new crystal form III (Figure 2(c) ). These rhombohedral crystals diffracted X-rays more strongly than the tetragonal form II crystals obtained with conventional protein, and were employed for all subsequent work. Examination of several hundred crystallization experiments carried out with the sulfur protein showed that in one vapor diffusion drop, its RNA complex produced rhombohedral crystals with cell parameters similar to those of the selenomethionyl co-crystals. Thus, it appears that substitution of methionine with selenomethionine greatly favors the infrequent rhombohedral form III and suppresses formation of tetragonal crystals of this particular complex (see below). Subjecting the RNA alone to the crystallization conditions employed for obtaining either form II or III cocrystals did not yield any crystalline matter.
Structure determination and refinement
Structure determination by MAD has been described (Ferre Â-D'Amare Â et al., 1998a) . Unlike crystal form II, crystal form III grows more readily in the presence of 0.1-0.3 mM cobalt (III) hexam- mine. Crystals of the unrelated P4-P6 domain RNA also grew better with cobalt hexammine, and the structure of that RNA was determined by growing crystals in the presence of osmium (III) hexammine. It was found there that the osmium bound tightly to a few speci®c sites, and a multiwavelength experiment around the osmium L III -edge produced the necessary phase information (Cate et al., 1996) . Anomalous difference Fourier syntheses calculated with amplitude data measured at the osmium L III peak from a form III crystal grown in the presence of osmium hexammine, and phases from the selenomethionyl MAD experiment, failed to produce any signi®cant peaks at locations other than at the previously located selenium atoms. Hence, despite the presence of the osmium in the crystals, which is borne out by X-ray¯uorescence, the osmium hexammine is not speci®cally bound. Since metal hexammines are thought to replace hydrated magnesium ions (Kieft & Tinoco, 1997) , this suggests that high-af®nity sites for hydrated magnesium are not present in the HDV ribozyme.
Initial phasing (de la Fortelle & Bricogne, 1997) and model building (Jones et al., 1991) were carried out with diffraction data extending to 2.9 A Ê resolution measured at the bending magnet beamline X4A of the National Synchrotron Light Source. The overall ®gure of merit (FOM) for acentric re¯ec-tions between 50 and 2.9 A Ê was 0.635 (0.425 between 3.2 and 2.9 A Ê ). Data collection with 0.9209 A Ê radiation from the 24-pole wiggler at beamline F1 of the Cornell High-energy Synchrotron Source yielded a dataset that was 95.5 % complete to 2.3 A Ê resolution (see Ferre Â-D'Amare Â et al., 1998a for statistics). Initially, form III crystals diffracted X-rays to beyond 2.1 A Ê resolution, but in order to measure the weak, high-resolution terms, long exposure times were needed, and even at a temperature of 100 K the crystals suffered substantial radiation decay by the time the 2.5 to 2.2 A Ê shell was 75 % complete. The 2.3 A Ê dataset was measured from a fresh crystal using shorter exposure times.
Phases were recalculated with SHARP (de la Fortelle & Bricogne, 1997) using the three energies from the original selenium MAD experiment (highenergy remote, absorption peak and rising in¯ec-tion point), one energy from the``osmium'' experiment (low energy remote), and the new 2.3 A Ê data, reduced without merging anomalous pairs, with the latter as the reference, high-energy remote, dataset. This resulted in a phase set with the same FOM as before between 50 and 2.9 A Ê but now with some phase information between 2.9 and 2.3 A Ê resolution (mean FOM for acentric re¯ections in these shells was 0.08). Density modi®cation (Abrahams & Leslie, 1996) of these phases resulted in substantially improved electron density maps (mean overall FOM for acentrics after modi®cation 0.81; 0.66 between 2.45 and 2.3 A Ê ) that allowed the remaining model-building ambiguities to be resolved.
Re®nement was against the 2.3 A Ê structure factor amplitudes, reduced merging anomalous pairs, and the unmodi®ed phase probability distributions calculated to 2.3 A Ê resolution, using the maximum likelihood target with experimental phase probability distributions implemented in CNS (Adams et al., 1997) . The standard nucleic acid parameter set of CNS with purely repulsive van der Waals terms was employed, initially keeping all ribose puckers in the canonical C3
H -endo form. Residual difference Fourier maps were then inspected for electron density peaks near the furanose rings, and where signi®cant density was found, the sugars were restrained to C2
H -endo puckers for the next round of minimization. The puckers were kept if the residual density had disappeared or decreased substantially. Ultimately, 11 of the 72 nucleotides were modeled with C2
H -endo puckers (see the legend to Figure 1 ). Throughout re®nement, the value of R-free (calculated with 10 % of the data) was monitored, to the exclusion of the conventional crystallographic residual.
The ®nal model comprises 2369 non-hydrogen atoms (protein residues 4-98, all RNA residues, 64 water molecules and 12 magnesium ions), and has a free-R factor of 27.9 % and a conventional residual of 24.6 %, with root-mean-square differences (r.m.s.d.) from ideal values of 0.011 A Ê and 1.4
for bond lengths and angles, respectively. PROCHECK (Laskowski et al., 1993) analysis shows that 88 amino acid residues lie in the most favored regions of the Ramachandran plot, and the remaining six lie in additionally allowed regions. Residual electron density is present near the selenium atoms in jF o j À jF c j syntheses, and could re¯ect partial oxidation of the seleniums, or imperfections in the parameter set employed. RNA residues 26 and 27 are poorly ordered.
A portion of the ®nal composite simulatedannealing omit map (Brunger et al., 1998) corresponding to part of the protein-RNA interface is shown in Figure 3(a) . As expected at this resolution, amide carbonyls of the peptide backbone are well-resolved, as are RNA features such as 2 H -hydroxyls. Twenty well-ordered water molecules in the protein-RNA interface (of which two are shown in the Figure) are conserved between the HDV-U1A complex and the U1A-RNA 21-mer complex described by Oubridge et al. (1994) . Protein carbon atoms of the two models superimpose closely, except at the termini of the polypeptide chains (r.m.s.d. 0.28 A Ê for 80 carbon pairs; Figure 3(b) ). When superimposed using the protein carbon atoms, the U1A-binding domain of the HDV ribozyme and the 21-mer of the complex described by Oubridge et al. (1994) superimpose closely as well (except for three nucleotides, see below and Figure 3(b) ), underscoring the similarity of the protein-RNA association.
The overall structure of the HDV ribozyme-U1A RBD complex is shown in simpli®ed form in Figure 4 . The RNA is comprised of ®ve base-paired segments P1, P1.1, P2, P3, and P4, arranged in two coaxial stacks. The two stacks are interconnected by ®ve strand crossovers, resulting in a fold that can be described as a nested double pseudoknot. This fold appears to be essential for activity of both the genomic and antigenomic HDV ribozymes (Wadkins et al., 1999) . The U1A protein and its cognate site lie at the tip of P4, away from the active site whose position, in turn, is de®ned by the 5 H hydroxyl leaving group of the self-scission reaction. The convoluted fold of the ribozyme produces a deep, well-de®ned active site cleft. This cleft may help align the scissile phosphate and the nucleophile for ef®cient cleavage. There is excellent agreement between the structure of the self-cleavage product and previous chemical protection and mutagenesis data. This implies that the HDV ribozyme does not undergo major conformational changes during the transesteri®cation reaction, and that the structures of the precursor and transitionstate forms of the RNA are similar to that of the reaction product (Ferre Â-D'Amare Â et al., 1998a).
The poor order of nucleotides 26 and 27, which line the outside edge of the active site cavity, could re¯ect high mobility of this segment. Since we have crystallized the product of self-cleavage, the disorder around the active site could result from the absence of the leader sequence. We indicated above that nucleotides in the leader sequence are unlikely to participate in forming the architecture of the active site. However, the ribose of the À1 nucleotide bears the nucleophile of the transesteri®cation reaction (Figure 1(a) ), and presumably is held in place through interactions with the rest of the ribozyme, possibly with L3 (Ferre Â-D'Amare Â H of Aviii. The two water molecules shown as red spheres are conserved in the U1A-RNA 21-mer structure by Oubridge et al. (1994) . The yellow sphere is a putative Mg 2 ion. (b) Superposition of the HDV ribozyme-U1A RBD complex (gray protein, carbon atoms 4 through 98, and blue RNA) on the U1A-RNA 21-mer structure by Oubridge et al. (1994) (yellow protein, carbon atoms 2 through 97, and magenta RNA). U1A-RBD carbon atoms of residues 10 through 90 from both structures (r.m.s.d. 0.28 A Ê for 81 atom pairs) were used to superimpose the structures. Note the similarity of the RNA moieties (residues ii-xiii are shown), except for nucleotides Ux through Cxii in the upper left-hand corner (see the text and Figure 6 H -endo puckers. Figures 3, 4 , 6, 8-10 were generated with RIBBONS (Carson, 1991) . et al., 1998a). The association of the À1 ribose requires covalent attachment of the phosphoribose backbone, as the HDV ribozyme is not known to catalyze the ligation reaction (Been & Wickham, 1997) . Consistent with this, when we soaked 2 H :3 Hcyclic CMP (the cleavage product of a minimal leader sequence) into our crystals, no binding could be detected by difference Fourier methods (not shown). It remains to be seen if L3 is better ordered in structures of HDV ribozyme precursors.
A Wilson analysis (Wilson, 1949) of the diffraction data employed for re®nement (Figure 5(a) ) shows that the overall B-factor is almost 62 A Ê 2 . Analysis of the datasets used for phase calculation imply similarly high overall thermal parameters (not shown). This, and the fact that the value of the crystallographic residual was not allowed to diverge substantially from the R-free, result in a comparatively large estimate of mean coordinate error of 0.4 A Ê (Figure 5(b) ).
Protein-protein interactions are the dominant crystal contacts
Although the premise for using an RNA-binding protein as a crystallization module was that the basic protein would make both protein-protein and protein-RNA crystal contacts, in our HDV-U1A RBD co-crystals, the major contacts are between protein molecules in adjacent asymmetric units. The elongated (Figure 4 ) RNA-protein complex has a total solvent accessible surface area of 16,558 A Ê 2 . (For comparison, the total solvent accessible surface area of the free U1A-RBD is 5858 A Ê 2 .) Within the complex, association of U1A with the RNA buries 876 A Ê 2 of the solvent accessible surface of the protein. The most extensive crystal contact results from the packing across a crystallographic dyad of two U1A-RBDs from neighboring asymmetric units (Figure 6(a) ). This interaction involves the entire solvent exposed surface of helix A and most of turn 4 (as de®ned by Nagai et al., 1990) , and buries 592 A Ê 2 of solvent accessible area on each protein molecule. An additional protein-protein crystal contact is formed around a crystallographic 3-fold where the N and C termini of three neighboring U1A-RBDs interact head-to-tail, burying 237 A Ê 2 in each contact (474 A Ê 2 per U1A-RBD, Figure 6 (b)).
Neither of these crystal contacts is present in the U1A-RBD RNA 21-mer complex crystals by Oubridge et al. (1994) . In that structure, the asymmetric unit comprises three U1A-RBDs, each bound to a 21 nt RNA stem-loop. Trimers related by a crystallographic dyad stack head-to-head. However, the dyad-related U1A proteins pack against each other employing a surface which is unrelated to that involved in the dyad interaction in the HDV-U1A RBD crystals (Figure 6(c) ). The non-crystallographic 3-fold axis that relates the proteins in one asymmetric unit also results in a packing scheme which is distinctly different from that present around the crystallographic 3-fold of the HDV-U1A RBD co-crystals (Figure 6(d) ). In addition to these protein-protein contacts, which together bury approximately 1000 A Ê 2 of the solvent accessible surface of each protein molecule, the crystals by Oubridge et al. (1994) are stabilized by RNA-RNA contacts between the stems of RNAs from adjacent asymmetric units, which bury 404 A Ê 2 of the solvent accessible surface of one nucleic acid chain, and an RNA-protein crystal contact that buries a further 432 A Ê 2 of the RNA (this is in addition to the cognate U1A-RNA interaction which buries $ 850 A Ê 2 ).
The extent of RNA-protein and RNA-RNA crystal contacts is much smaller in the HDV ribozyme-U1A co-crystals. Aside from the cognate interaction, there are no signi®cant RNA-protein contacts in these crystals. One RNA-RNA contact involves the stacking of the bases of the extruded G76 of two molecules across a dyad (Figure 7(a) ). This buries 40 A Ê 2 of solvent accessible surface area per guanine residue. The second RNA-RNA crystal contact also involves base stacking. Here, the three pyrimidines (Ux, Cxi, and Cxii) at the 3 H end of the U1A binding loop (Figure 1(c) ), which do not interact with the protein, stack against the top of helix P2 from an adjacent HDV ribozyme RNA. This happens around a crystallographic 3-fold (Figure 7(b) ), and buries 143 A Ê 2 on P2. The three pyrimidines are poorly ordered in the RNA 21-mer complex structure of Oubridge et al. (1994) . In our structure, the stacking on P2 orders them. This explains the difference in the conformation of the pyrimidines in the two structures (Figure 3(b) ). The selenium atom of selenomethionine 51 contacts the ribose of Aviii of its cognate RNA (Figure 3(a) ). Selenium has a van der Waals radius 5 % larger than sulfur. If this interaction stabilizes a conformation of the U1A-binding loop that favors the P2 crystal contact, it may have led to the selenomethionine protein crystallizing in the rhombohedral crystal form rather than the tetragonal crystal form favored by the sulfur protein (see above).
Figure 7(c) shows how Cxi of one molecule basepairs with G10 of the RNA from the neighboring asymmetric unit, extending the P2 helix by one base-pair. This inter-molecular base-pair conforms closely to ideal A-form geometry (Figure 7(d) ). We chose to end our HDV ribozyme constructs at position 84 of the wild-type sequence. Work of others (Been & Wickham, 1997) has shown that molecules with shorter 3 H ends have reduced self-cleaving activity, while longer molecules are not substantially more active. It has also been reported that extending the 3 H end of genomic ribozymes beyond position 86 results in slower self-cleavage (Tanner et al., 1994) . However, a cytidyl residue is present in position 85 of the wild-type sequence. Sequence complementarity to J1/2 ends at position 85. Therefore, the P2 helix of the native genomic HDV ribozyme probably consists of seven base-pairs, and the 3 H termini of our crystallization constructs were fortuitously one nucleotide short, favoring formation of a crystal contact.
The foregoing discussion makes it clear that the HDV ribozyme-U1A RBD crystals are held together predominantly by protein-protein interactions. Even the RNA-RNA crystal contact between the U1A-binding loop of one complex and P2 of the neighboring complex (Figure 7(b) and (c)) would be unlikely if U1A did not bind the RNA construct and partially structure the loop. A ®tting description of the crystal is that of RNA bridging protein islands (Figures 6(b) and 7(b) ). Because of the paucity of RNA-RNA contacts, the RNA might be expected to have a larger degree of static or dynamic disorder than the protein. This might be exacerbated by the heterogeneity of the 3 H terminus of the RNA. While there is enough space near the 3 H terminus of the RNA-protein complex to accommodate the few random nucleotides added by the polymerase beyond C84, and no nucleotides beyond it are visible in experimental electron density maps, the close apposition of neighboring molecules (Figure 7(c) ) suggests that the covalent heterogeneity could be a source of crystallographic disorder. Comparison of RNA recovered from crystals with RNA before crystallization by polyacrylamide gel electrophoresis does not reveal any enrichment in the species ending at nucleotide 84 (not shown). H . The extruded base of G76 is unlikely to interact with the rest of the ribozyme in solution, since it can be mutated to any nucleotide without affecting ribozyme activity (Tanner et al., 1994) , and in fact, ablation of the base results in more active RNAs (Belinsky et al., 1993) . H strand of P2. The intermolecular base-pair formed between G10 and Cxi is slightly displaced relative to where the corresponding pair of a canonical A-form helix would be. Cxii stacks on Cxi, but does not base-pair, and its backbone does not adopt A-form geometry.
Structure of a Hepatitis Delta Virus Ribozyme
The active site of the self-cleaved HDV ribozyme lacks tightly bound metal ions
The HDV ribozyme is active in even very low (<0.1 mM) concentrations of divalent cations. One molar equivalent of Mg 2 , Mn 2 , Ca 2 , or even Sr 2 is necessary and suf®cient for activity (Suh et al., 1993) . This relaxed chemical speci®city led us to argue (Ferre Â-D'Amare Â et al., 1998a) that the ribozyme is unlikely to have a high-af®nity divalent metal ion binding site that is required for catalysis. In other RNAs that catalyze the same trans-esteri®-cation reaction as the HDV ribozyme, a metal ion has been proposed to activate a bound water, which in turn deprotonates the 2 H -hydroxyl nucleophile on the À1 ribose (Pyle, 1993) . Given the high ef®ciency of self-scission of the HDV catalyst ($100 times faster than a typical ribozyme, such as the hammerhead), a loosely coordinated metal ion would be unlikely to play such a central role in the reaction mechanism. Consistent with this, the structure of the HDV ribozyme does not contain well-ordered bound metal ions in the active-site cavity, and appears to be stabilized entirely by base-pairing, stacking, backbone contacts, and the connectivity of the nucleic acid chain (Ferre Â-D'Amare Â et al., 1998a; Ferre Â-D'Amare Â & Doudna, 1999). Peripheral metal ions (Lafontaine et al., 1999) as well as a diffuse counterion atmosphere (Misra & Draper, 1998) are, of course, expected to surround the strongly negative nucleic acid.
A phosphorothioate interference analysis to detect pro-Rp phosphate oxygen atoms that adversely affect ribozyme activity when substituted for sulfur, demonstrated only two positions with strong interference (Jeoung et al., 1994) . Neither of these interferences could be rescued by addition of a soft metal ion, such as Mn 2 . If the interferences were due solely to disruption of a hard cation (e.g. Mg 2 ) binding site, the presence of a soft cation would have been expected to restore activity to the ribozyme. One interference was detected on the phosphate of C22. In our crystal structure, this phosphate oxygen atom is seen to be participating in an intricate hydrogen-bonding network that includes C75. As this cytosine appears to play a central role in catalysis (see below) the interference at C22 can be explained by steric disruption. The other site of interference is at the scissile phosphate. If this phosphate were part of a cation binding site, the metal ion would not be expected to be ordered in our structure of the selfcleavage product, which is missing the scissile phosphate. Figure 8 (a) shows a portion of the density-modi®ed experimental map surrounding the active site cavity. The crystals from which the reference structure factor amplitudes were measured were soaked in 10 mM MgCl 2 prior to¯ash cooling (see Methods), so that high-af®nity magnesium binding sites should be well-occupied. An isolated, roughly spherical density feature is present in the active site, but its peak height is only 1.5 standard deviations (S.D.) above mean peak height. Carbon atoms of the RNA surrounding the cavity have densities as high as 3.5 S.D., implying that the isolated feature does not represent a highly occupied metal ion site. To examine this further, crystals were soaked in high concentrations of Mn 2 (up to 90 mM), diffraction data were measured, and an anomalous difference Fourier map calculated. A new density feature appeared in the active site cavity (Figure 8(a) ) but its center is now removed H -hydroxyl leaving group of the self-scission reaction is shown as a larger red sphere. The blue mesh is a portion of the density-modi®ed experimental map contoured at 1 S.D. The density feature labeled 1 has a peak height of 1.5 S.D. The green mesh is a portion of the anomalous difference Fourier map calculated with data from a crystal soaked in manganese sulfate, contoured at 3 S.D. The density feature labeled 2 has a peak height of 3.6 S.D. (b) Representative major-groove divalent cation binding site. The blue mesh is a portion of a composite simulated annealing sA-weighted 2jF o j À jF c j omit map contoured at 1.5 S.D. The green mesh is from a manganese soak anomalous difference Fourier synthesis, contoured at 3.0 S.D. The yellow sphere is a putative Mg 2 ion which appears to make at least two inner sphere coordinations with the RNA.
by several A Ê from the original density feature, lies far away (>4 A Ê ) from any potential ligands, and is not particularly strong (3.6 S.D.) Therefore, the genomic HDV ribozyme self-cleavage product does not appear to have a high-af®nity magnesium binding site in which the RNA provides inner sphere coordination ligands to the metal ion. The weak density features we observe must result from the presence of a polar cleft into which cations can diffuse non-speci®cally. For comparison, a conventional major groove feature that has been identi®ed as a magnesium ion, and which has at least two direct RNA ligands, is shown in Figure 8(b) .
We also calculated an anomalous difference Fourier synthesis with amplitudes from the absorption peak wavelength of the osmium hexamminecontaining crystals, and phases from the ®nal model. If the metal hexammine had replaced a hydrated magnesium ion, a strong feature in the difference synthesis would be expected. The anomalous map showed positive peaks for the selenium atoms and the phosphorus atoms of the RNA, but no features consistent with a metal hexammine (not shown). It is therefore unlikely that a high-af®-nity binding site for a fully solvated magnesium ion is present in the active site of the self-cleaved HDV ribozyme.
At present, we cannot rule out that the active site of the HDV ribozyme precursor may have a high-af®nity metal ion binding site, and that a bound cation could generate the base for activating the 2 H -hydroxyl nucleophile. However, the lack of a well-ordered metal ion in the active-site cleft of our structure, together with the accumulated biochemical data indicating that a variety of metal cations are effective cofactors for the HDV ribozyme, suggests that an active site metal would not play a role in activating the 2 H -hydroxyl nucleophile. In a transesteri®cation reaction at a phosphate center, it is expected that some positively charged group will partially neutralize the negative charge of the phosphate in order to make the phosphorus a better electrophile (Westheimer, 1987) . This could be the role played by the divalent cation required by the HDV ribozyme for activity. A metal ion associated with the scissile phosphate would also be consistent with the phosphorothioate interference observed at this position (Jeoung et al., 1994 ).
The trefoil turn may enable cytosine 75 to function as a general base What activates the nucleophilic 2 H -hydroxyl, if not a metal ion? We proposed that C75, which lies immediately adjacent to the 5 H -hydroxyl leaving group of the self-scission reaction in our structure (Figure 8(a) ) may be the general base that catalyzes the transesteri®cation reaction (Ferre Â-D' Amare Â et al., 1998a) . In an extensive site-directed mutagenesis study of the genomic HDV ribozyme Tanner et al. (1994) found C75 to be the single most sensitive nucleotide. The equivalent C76 nucleotide in the antigenomic HDV ribozyme is equally sensitive to mutations. Photocrosslinking studies have demonstrated that C75/C76 lies very close to the scissile phosphate in analogs of both precursor ribozymes and cleavage products (Bravo et al., 1996; Rosenstein & Been, 1996) .
Of the functional groups present in the four unmodi®ed bases that occur naturally in RNA, N3 of cytosine has the highest pK a value, $4.2. While this is too low for a good general base at physiological pH, the acidity of a functional group can be strongly in¯uenced by its environment. For instance, in a study of an unrelated aptamer RNA, Connell & Yarus (1994) found that a binding site cytosine had its pK a value raised by nearly 4 pH units. In another example, Legault & Pardi (1994) have documented the presence of a protonated adenine in the core of a lead-dependent selfcleaving RNA by nuclear magnetic resonance spectroscopy.
Cytosine 75 is positioned at the bottom of the catalytic cleft of the HDV ribozyme by a tight turn of the RNA backbone in the J4/2 region of the molecule. This trefoil turn (Figure 9(a) ) is characterized by an inversion in the orientation of two riboses (C75 and G76) relative to the direction of the chain, and an extrusion of the base of the second inverted nucleotide into solvent (the extruded base of G76 makes the crystal contact shown in Figure 6(a) ). This turn can be considered a special case to the``S-turn'' (Figure 9(b) ). The trefoil turn of the HDV ribozyme is characterized by the presence of three hydrogen bonds between ribose 2 H -hydroxyls and phosphate pro-Sp oxygen atoms that are made possible by a particularly tight turn of the backbone. In addition, the second (C75) and fourth (A77) bases of this turn stack on each other. In the conventional S-turn, a single backbone hydrogen bond is present, and the ®rst two nucleotides stack (compare Figure 9 (a) and (b)). The trefoil turn is held in place by the stacking of G74 under P1.1 and the ribose zipper formed by A77 and A78 triplexing in the minor groove of P3 (Figure 4 ; see also Ferre Â-D' Amare Â et al., 1998a) .
The tight trefoil turn and its position at the junction of three helical segments (P1, P1.1, and P3) bring many negatively charged phosphate groups into close proximity of C75. This high negative charge density may raise the pK a value of the N3 of C75 by stabilizing the positive charge that would result from protonation. In addition, the N4 amino functional group of C75 is placed close to two potential hydrogen bond acceptors that would be well-positioned to stabilize a pyramidal NH 3 tautomer (Luisi et al., 1998) of the protonated cytosine, and this might further stabilize the charged state. A protonated, positively charged C75 that lies close to the scissile phosphate may also lower the activation energy of the transesteri®cation reaction by stabilizing the increased negative charge of the pentacovalent phosphorus intermediate. Direct measurement of the pK a value of C75, preferably in the context of an HDV ribozyme trapped close to the transition state, will be needed Structure of a Hepatitis Delta Virus Ribozyme to establish whether this nucleotide indeed serves as a general base. Recent biochemical work by Perrotta et al. (1999) provides strong support for the proposal that C75 functions as a general base.
A protonated cytosine is present as part of a base triple in the genomic HDV ribozyme Our rhombohedral HDV-U1A co-crystals were grown at pH 7.0. The re®ned crystal structure contains a base-triple that demonstrates that protonation of the N3 of cytosine can be accomplished readily at this pH. The ®rst two nucleotides of the J1.1/4 region of the genomic HDV ribozyme, G40 and C41 (Figure 1(b) ) are pushed down into the narrowed major groove at the top of P4 (Figure 4 ). G40 makes a base-triple with the A43:G74 basepair at the top of this helix (Ferre Â-D'Amare Â et al., 1998a) . C41 is pushed further down P4 so that it lies roughly coplanar with the C44:G73 base-pair (Figure 10(a) ) and forms a reverse Hoogsteen pair with G73. The N3 imino nitrogen of C41 lies 2.9 A Ê away from the O6 carbonyl oxygen of G73, which implies that C41 is protonated. Interestingly, the O2 carbonyl of C41 does not hydrogen bond to the N4 amino group of C44, but to the N6 amino group of A43, of the base-pair above. Thus, the protonated C41 is one of a quartet of bases that from a major groove hydrogen bonding network.
Exactly the same arrangement of bases is present in the recently determined structure of the BWYV pseudoknot (Su et al., 1999) . A superposition of the two instances of this motif is shown in Figure 10 (b). We note that in both cases, a guanine precedes the protonated cytosine, and may be energetically coupled to the quadruple. In both the genomic HDV ribozyme and the BWYV pseudoknot, the bottom face of the protonated cytosine base is unstacked and exposed to solvent. This exposure would make it possible to offset the energetic cost of protonation by increased solvation of the positively charged base.
Conclusions
We have developed a new method for the crystallization of a compact, globular RNA. Since proteins have a larger variety of surface functional groups available for making crystal contacts than RNAs, we modi®ed our target RNA to contain a high-af®nity binding site for a well-characterized RNA-binding protein. The binding site was placed so as to have minimal effects on the biochemical activity of our target RNA, the genomic HDV ribozyme. By using this``crystallization module'' in a series of constructs differing from each other in the length of an A-form duplex separating the module from the HDV ribozyme core moiety, we readily obtained a variety of crystal forms. Two of these diffracted synchrotron X-radiation beyond 3 A Ê resolution. Because these are RNA-protein cocrystals, well-established methods for derivatization of proteins could be employed to solve the structure.
Analysis of crystal packing shows that the principal interactions that stabilize the crystal are between proteins in adjacent asymmetric units. There are just two well-resolved RNA-RNA H -endo pucker. (b) Canonical S-turn, from the L11-associated domain of the 23S rRNA of E. coli (Conn et al., 1999 ; see also Wimberly et al., 1999) . As in the trefoil turn, the riboses of U1060 and A1061 are inverted. Only one hydrogen bond appears to form between groups in the sugar-phosphate backbone of the four nucleotides (arrow). The extruded bases of both turns, G76 and A1061 participate in stacking interactions. In the HDV ribozyme, this is a intermolecular crystal contact (Figure 6(a) ). In the ribosomal RNA, the adenine makes an intramolecular stack with a second adenine.
interactions per complex, both of which bury only modest molecular surface areas. The limited nucleic acid crystal contacts are consistent with the great dif®culty in obtaining crystals of wild-type HDV ribozyme (Ferre Â-D'Amare Â et al., 1998b) . This demonstrates the utility of an RNA-binding protein as a crystallization reagent, and should encourage the use of this approach for the crystallization of other tightly folded RNAs. Given that the protein moiety is likely to make the majority of crystal contacts, multiple protein binding sites may be required to obtain satisfactory crystals of much larger RNA molecules.
Materials and Methods
Protein and RNA preparation Selenomethionyl U1A-RBD was expressed in the auxotrophic strain B834 (Novagen) using the expression plasmid (A1-98, Y31H, Q36R, Oubridge et al., 1994) generously provided by K. Nagai (MRC-LMB, Cambridge, UK). Freshly transformed colonies were picked from ampicillin plates and grown in M9 salts supplemented with 5 % (v/v) LB and 50 mg/ml carbenicillin for six hours at 37 C. Cells were gently pelleted, resuspended in fresh medium with the same antibiotic, and grown for a further 12 hours at 37 C. Production cultures were grown in M9 salts supplemented with 50 mg/ml carbenicillin, 50 mg/l each of glycine and all L-amino acids except methionine, 50 mg/l of DL-selenomethionine, 1 % (w/v) glucose, 2 mM magnesium sulfate, 0.1 mM CaCl 2 , 1 mg/l thiamine, and 7.5 mg/l of FeSO 4 for 11 hours at 37 C. Lysis was by freeze-thaw in the buffer described by Pognonec et al. (1991) . Cell debris was removed by centrifugation, and the supernatant fractionated with 0.5 % (w/v) neutralized polyethyleneimine (Burgess, 1991) . The supernatant was further fractionated with ammonium sulfate. The protein that precipitated between 35 and 75 % saturation was redissolved in, and dialyzed overnight against, buffer A (100 mM KCl, 25 mM Hepes-KOH (pH 7.5), 10 mM DTT, 0.5 mM EDTA, 0.5 mM PMSF). The dialyzed protein derived from a nine liter growth was then loaded on a 30 ml bed volume SP-Sepharose FF (Pharmacia) column equilibrated in buffer A, and eluted with a linear, 300 ml gradient to buffer B (this had the same composition as buffer A except for having 500 mM KCl). U1A-RBD elutes around 300 mM KCl. The protein was then concentrated by ultra®ltration and further puri®ed on a 120 ml bed-volume Superdex-75 PG (Pharmacia) column equilibrated in buffer A. Phosphate buffer (pH 7.5) was added to the eluted U1A-RBD to a concentration of 10 mM. The protein was then loaded onto a 5 ml ceramic hydroxyapatite column (CHT-I, BioRad) which had been equilibrated in buffer C (10 mM potassium phosphate (pH 7.5), 50 mM KCl, 1 mM DTT). The protein was eluted by running a 20 column-volume gradient to 100 % buffer D (this had the same composition as buffer C, but with the addition of 0.5 M ammonium sulfate). The protein eluted around 250 mM ammonium sulfate. The puri®ed protein was dialyzed against a storage buffer consisting of 10 mM Hepes-KOH (pH 7.5), 1 mM DTT, 0.1 mM EDTA, concentrated to 15 g/l by ultra®l-tration, and stored at À80 C. Incubation of the protein with a stoichiometric amount of RNA for several months at room temperature did not result in detectable degradation of the nucleic acid. Matrix-assisted laser desorption-ionization mass spectrometry con®rmed full substitution of methionine by selenomethionine (calculated mass difference between sulfur and selenium proteins for four methionines: 187.6 a.m.u; measured difference 185.3(AE5) a.m.u.) Sulfur U1A-RBD was Figure 10 . A base quadruple motif formed by a protonated cytosine in the major groove of a G ÁC pair. (a) Top view of the P4 helix of the HDV ribozyme. The base of C41 from J1.1/4 makes three major groove hydrogen bonds (black numbers are distances in A Ê ). Two are with G73, and one with A43 which in turn base-pairs with G74. The distance between O2 of C41 and N4 of C44 is 3.4 A Ê . The ribose of C41 has a C2 Hendo pucker. (b) Superposition of the reverse-Hoogsteen C motif from HDV-U1A RBD on the corresponding nucleotides of the RNA pseudoknot structure by Su et al. (1999) in yellow. Distances shown are for the latter structure (compare with (a)). The distance between O2 of C8 and N4 of C26 is 3.2 A Ê . The N2 of the G preceding the protonated C (G40 in the HDV ribozyme) makes a van der Waals contact with the N6 of A (A43 and A25 in the two structures; the N-to-N distance is 3.4 A Ê in both). puri®ed in the same manner, except that DTT was omitted from all buffers. RNA was prepared as described (Ferre Â-D'Amare Â & Doudna, 1996) . The sequence of the 41 nt leader preceding the ribozyme core is 5 H -GGGAGGAGCCGTATGC-GATG TCGCACGTAC GGTAAATCGT C-3 H . The HDV ribozyme is fully active in 8 M urea (Been & Wickham, 1997) , and the stability to denaturants of ribozyme precursor and self-cleaved products appear to be similar (Duhamel et al., 1996) . When the HDV ribozyme selfcleavage product is puri®ed by electrophoresis on 8 M urea gels, the RNA migrates at an anomalously fast rate (A.R.F. & J.A.D., unpublished results). The anomalous electrophoretic mobility is consistent with a compact, folded RNA. Therefore, it is likely that the HDV ribozyme RNAs we employed for crystallization were never fully unfolded after they crossed the transition state of the self-cleavage reaction.
Crystallization
Crystal form I contained wild-type 98 amino acid residue U1A-RBD and the RNA with a one base-pair spacer (Figure 1(b) ). Crystals were grown by vapor diffusion at 4 C by mixing a 0.2 mM solution of the complex (which contained 1.25 mM MgCl 2 ) with an equal volume of a reservoir solution containing 1.75 M ammonium sulfate, 2 % (w/v) polyethyleneglycol (PEG) 400, 25 mM MgCl 2 , 0.1 mM spermine, 100 mM Hepes-KOH (pH 7.5). Crystals grew to maximum dimensions of 0.1 mm Â 0.1 mm Â 0.5 mm in the course of a month. For¯ash-cooling, crystals were soaked ®rst in a solution of the same composition as the reservoir, except that the ammonium sulfate was increased to 1.8 M, the MgCl 2 to 40 mM, the spermine to 1.0 mM, and 20 % (v/v) ethylene glycol was added.
Crystal form II contained double-mutant (Y31H, Q36R) U1A-RBD and the RNA shown in Figure 1 (c). Crystals were grown by vapor diffusion at 30 C by mixing equal volumes of 0.5 mM complex solution (which contained 1.25 mM MgCl 2 and 0.1 mM GdCl 3 ) with a reservoir solution that contained 30 % (w/v) PEG monomethylether (MME) 2000, 150 mM Li2SO 4 , 7 mM MgSO 4 , 100 mM Tris-HCl (pH 7.75). Crystals took several weeks to appear, and grew over the course of several months to maximum dimensions of 0.8 mm 3 . For ash cooling, crystals were ®rst transferred to a stabilizer solution containing 30 % (w/v) PEG MME2000, 5 % (w/v) PEG6000, 175 mM Li 2 SO 4 , 10 mM MgSO 4 , 100 mM Tris-HCl (pH 7.75), 0.5 mM GdCl 3 , and 3 % (v/v) (À)-2,3-butanediol.
Crystal form III. Crystallization and stabilization conditions have been described (Ferre Â-D'Amare Â et al., 1998a).
Refinement
Re®nement was carried out against all observed re¯ec-tions between 20 and 2.3 A Ê resolution (17,040 and 1863 re¯ections in the working and test sets, respectively) as described in the text and by Ferre Â-D' Amare Â et al. (1998a) . Throughout the re®nement, the overall anisotropic B-factor correction, and solvent mask were employed, and nucleotide bases were constrained to be planar. The restraints on the B-factors of covalently bonded atoms were adjusted to minimize the R-free. One protein sidechain, that of histidine 31 showed clear electron density for two alternate conformations, and has been built accordingly. This is one of the point mutations (Y31H) introduced by Oubridge et al. (1994) into U1A to facilitate crystallization. A number of elongated residual density features surrounding the macromolecules could represent partially ordered spermine molecules, since the crystals were stabilized in 25 mM spermine hydrochloride. However, there was no difference in R-free or the real-space R-factor when they were built as either segments of spermine or as water molecules, and therefore have been modeled as the latter. Water molecules whose B-factors re®ned to values smaller than their ligands were modeled as magnesium ions. Solvent accessible surface areas were calculated with a probe radius of 1.4 A Ê .
Manganese soak
A form III crystal was transferred over the course of one hour to a stabilization solution comprised of 90 mM MnSO 4 , 20 % (w/v) PEG-MME2000, 5 % (w/v) PEG6000, 100 mM Li 2 SO 4 , 10 mM spermine, 100 mM Tris-HCl (pH 7.0), 3 % (À) 2,3-butanediol. After an additional hour in the stabilization buffer, the crystal was¯ash-cooled in super-cooled liquid propane maintained at liquid nitrogen temperature, and diffraction data were measured at 100 K on a copper rotating anode source equipped with focusing mirrors using the inverse beam method. The reduced data are 75.8 % complete between 50 and 4 A Ê (72.3 % between 4.14 and 4 A Ê ) with an overall R merge of 8 % (51.3 % for the last shell) and an overall redundancy of 3.9 (with anomalous pairs kept separate). The anomalous difference Fourier synthesis (Figure 8 ) was calculated with the experimental phases that were used for re®nement and anomalous differences from this dataset.
Atomic coordinates
Atomic coordinates and structure factor amplitudes have been deposited with the Protein Data Bank with accession number 1cx0.
